Figure 1. Location of Early Gene Markers and Mature Neurons in the Early Embryo
(A-C) Parasaggital sections of the E14 rat ventral mid/hindbrain were stained for (A) Fgf8 (purple) and Shh (red) mRNA, (B) Fgf8 mRNA (purple) and TH protein (tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis) (red), and (C) TH (dopaminergic neurons) (red) and 5-HT (serotonergic neurons) (green). The arrows mark the isthmus and the site of Fgf8 expression. DA neurons are confined to the rostral side of the isthmus and 5-HT neurons to the caudal side (in [C] 5-HT axons are seen crossing the TH ϩ domain). (D and E) Six somite stage rat embryos in situ hybridized for Fgf8 (purple) ([D] , side view) or Shh (purple) ([E] , ventral view). The red lines represent transection sites. The numbers represent the presumptive rostral forebrain (1), caudal forebrain (2), midbrain (3), and hindbrain (4-6). The boundary between 3 and 4 is the rhombic isthmus (d, presumptive dorsal; v, presumptive ventral) . (F) In situ hybridization of Fgf8 (purple) and Shh (red) to an E13 rat v3/4 explant. (G) E9 explants dissected as outlined in (D) and (E) were in situ hybridized to Fgf8 (purple) (top row). Ventral explants were cultured in collagen gel for 36 hr and then stained for Shh (green) (middle row) or for 6 days and then double immunostained for TH (red) and 5-HT (green) (bottom row). For each region, 25 explants were examined. PS, primitive streak; ANR, anterior neural ridge; IC, intraembryonic coelom. Broken white lines in G outline the explants. Anterior is to the left, posterior to the right. Scale bars ϭ 500 m in A; 250 m in B and C; 80 m in D; 60 m in E and G, middle row; 200 m in F; 40 m in G, top row; 120 m in G, bottom row.
determined where these two cell types appear in the forebrain (Otx1 and Otx2), and mesencephalon/hindbrain (En1, En2, Wnt1, Pax2, and Pax5 [reviewed in Ballyneural tube. To this end, neural plate from 6 somite stage (E9) rat embryos was transected (together with Joyner 1996] ). In addition, the expression of the floor plate marker FP4 (Placzek et al. , the underlying axial and paraxial mesoderm) along the A-P axis into seven ‫001-05ف‬ m long explants. Each 1993), which extends from the caudal-diencephalon to the end of the spinal cord, Fgf8, and Shh were examined explant was monitored in culture for up to 7 days for expression of markers that typify the rostral forebrain in these explants. The combined expression patterns of these genes together with morphological landmarks (Bf1 [Xuan et al., 1995; Shimamura and Rubenstein, 1997] , Otx1 and Otx2 [Simeone et al., 1992] ), caudal allowed us to define explant 1 as the presumptive rostral (A) Six somite rat dorsal explant encompassing the forebrain, mesencephalon, and metencephalon (d1-4) was cultured for 6 days and stained for TH (red) and FP4 (green). Neither TH ϩ DA neurons nor FP4 ϩ floor plate cells were detected (n ϭ 0/10). (B) Six somite rat d1 explant was cocultured with an E13 rat spinal cord floor plate explant (green FP4 staining). TH ϩ neurons (red) were induced in d1 by the floor plate (n ϭ 11/12 TH ϩ ). (C) Six somite rat dorsal mes/metencephalic explant (d3/4) was cocultured with a floor plate explant. TH ϩ neurons (red) were induced by the floor plate (n ϭ 9/11 TH ϩ ). (D-F) Ectopic induction of DA neurons by isthmus. Six somite rat v2 explant ([D] , n ϭ 0/14 TH ϩ ) or 10 somite chick rhombic isthmus explant ([E] , n ϭ 0/13 TH ϩ ), were cultured alone, or in combination ([F] , n ϭ 17/18 TH ϩ ) for 6 days and stained for TH (red) and chick-specific neuronal marker L1 (green). TH ϩ DA neurons were ectopically induced (Ͼ100 TH ϩ neurons/explant) in v2 by the chick isthmus. Broken white lines in (A) and (D) outline the explants. Scale bar ϭ 200 m.
forebrain, 2 as presumptive caudal forebrain, 3 as preal., 1993) can induce DA neurons in ectopic dorsal locations in both the midbrain and rostral forebrain regions sumptive midbrain/caudal forebrain, 4 and 5 as presumptive hindbrain, 6 as presumptive caudal hindbrain/ (Figures 2A-2C ) (Hynes et al., 1995a) but not in the caudal forebrain explants (data not shown). On the other rostral spinal cord (Figure 1 ), and 7 as presumptive spinal cord (data not shown).
hand, the isthmus, a known organizing center for the midbrain and hindbrain (Gardner and Barald, 1991; After 5 days in culture, TH ϩ , dopamine-producing DA neurons were detectable in the ventral aspects of ex- Bally-Cuif et al., 1992; Marin and Puelles, 1994; Martinez et al., 1995) , induces DA neurons in ectopic ventrocaudal plants 1 (v1) and 3 (v3), whereas 5-HT ϩ neurons were detected in the ventral aspects of explants 4-6 (v4-v6) forebrain explants ( Figures 2D-2F ). Thus, floor plateand isthmus-derived signals appear to control the posi-( Figure 1G , bottom row). Explants derived from 0 or 3 somite embryos cultured either with or without paraxial tion of DA neurons along the D-V and A-P axes, respectively. mesoderm gave rise to the same mature neurons as their 6 somite counterparts (data not shown). The spatially
The floor plate and isthmus have previously been shown to mediate their inductive properties in part via restricted appearance of DA and 5-HT neurons in these explants indicated that by the 0 somite stage all of the Shh (reviewed in Chiang et al., 1996; Ericson et al., 1996; Tanabe and Jessell, 1996) and FGF8 (Crossley et al. , signals that delineate the location of DA and 5-HT neurons are present in isolated paraxial mesoderm-free 1996; Lee et al., 1997), respectively. Even though the floor plate terminates in the caudal-diencephalon (Placneural plate tissue, permitting ventral DA neurons to specifically and independently develop in the midbrain zek et al., 1993; Dale et al., 1997) , the expression domain of Shh extends into the anterior forebrain ( Figure 1G ) and rostral forebrain explants and 5-HT neurons to develop in the hindbrain explants.
(reviewed in Shimamura et al., 1995) . Likewise, in addition to the isthmus region, FGF8 is highly expressed in Consistent with the notion that the characteristic positions of DA neurons are determined by epigenetic sig- Six somite v1 explants (A, E, and I), v3 explants (B, F, and J), v4 explants (C, G, and K), or v5 explants (D, H, and L) were cultured for 6 days either in control medium (A, B, C, and D) with Shh function-blocking antibody added at day 0 (E, F, G, and H) or at day 2 (I, J, K, and L). Red, TH immunostain (DA neurons); green, 5-HT immunostain (serotonergic neurons). (A), n ϭ 8/8; (B), n ϭ 14/15; (C), n ϭ 14/14; (D), n ϭ 17/17, (E), n ϭ 0/6; (F), n ϭ 1/12; (G), n ϭ 0/16; (H), n ϭ 1/24; (I), n ϭ 0/7; (J), n ϭ 10/11; (K), n ϭ 0/13; and (L), n ϭ 9/25 with less than 50 5-HT ϩ neurons/explant. Broken white lines mark the negative explants. Scale bar ϭ 120 m. Figures 1D and 1G ). These expression patterns 3F). Shh antibody added to the explants after 24 or 48 lead to intersections of the FGF8 and Shh signals in the hr prevented the appearance of DA in the forebrain but ventral aspect of the isthmus and the ventral aspect of not in the midbrain, indicating that the critical period for the rostral forebrain, two sites where DA neurons are Shh signaling is within the first 24 hr of somitogenesis born ( Figure 1G ). Given this striking colocalization of in the midbrain and 48 hr after somitogenesis begins in Shh, FGF8, and DA neurons, we explored the possibility the forebrain (Figures 3I and 3J ). that the intersections of Shh and FGF8 signals create These findings, together with the fact that recombiinductive centers for midbrain and rostral forebrain DA nant Shh was capable of inducing ectopic DA neurons neurons.
1997) (
in the dorsal aspect of the midbrain (d3) (Hynes et al., 1995b; Wang et al., 1995) and rostral forebrain (d1) but Shh Is Necessary and Sufficient for the Induction not in ventro-or dorsocaudal forebrain (v2, d2) or hindof DA Neurons Along the D-V but brain (v4-6, d4-6) (data not shown), establish that Shh Not the A-P Axis is the physiological inducer of endogenous DA neurons Shh function-blocking antibodies (Ericson et al., 1996) in the ventral midbrain and ventrorostral forebrain and and recombinant Shh protein (Hynes et al., 1995b) were that it can control the position of DA neurons along the used to examine the role of Shh in DA neuron induction D-V but not A-P axis. in the midbrain and rostral forebrain. E9 ventral midbrain (v3) or ventrorostral forebrain (v1) explants containing FGF8 Activity Is Necessary for the Development endogenous Shh ( Figure 1G ) were exposed to the Shhof DA Neurons in the Midbrain blocking antibody from day 0 in culture and monitored
We then examined whether FGF8 also provides posifor the presence of DA neurons 6 days later. DA neurons tional information for DA neurons in the midbrain. Six were detected in control explants v1 and v3 (Figures 3A somite rat ventral mid/hindbrain explants (v3/4) were and 3B) but were absent when these explants were cultured with Shh-blocking antibody (Figures 3E and cultured with soluble FGF receptor 3c (FGFR3-IgG), a RT-PCR analysis of mid/hindbrain markers in 0 somite explants 3 and 4 that were exposed to CD4-IgG or FGFR3-IgG and collected at day 0, day 1, or day 4. FGF8a, -b, -g, or -h represents alternatively spliced transcripts. Low levels of Nurr1 transcripts representing expression in nondopaminergic neurons were detected in all lanes at days 1 and 4. In the presence of FGFR3-IgG, Nurr1 was never induced above the background level. Broken white lines in (B), (G), and (H) mark the explants. Scale bar ϭ 180 m.
high-affinity blocking receptor for FGF8 (FGFR3 binds
In the presence of FGFR1-IgG or CD4-IgG, TH ϩ DA neurons readily appeared in the v3/4 explants (Figures additional members of the FGF protein family; see Discussion) (MacArthur et al., 1995;  data not shown) and 4A and 4I; data not shown). These neurons were positive for two additional markers: Ptx3 ϩ (a homeodomain gene examined for the presence of DA neurons after 5 days in culture. Soluble FGF receptor 1c (FGFR1-IgG), a lowthat is specifically expressed in midbrain dopaminergic neurons [Smidt et al., 1997] ) and Nurr1 ϩ (an orphan steaffinity nonblocking receptor for FGF8 that binds multiple other members of the FGF protein family including roid receptor that is expressed in midbrain dopaminergic progenitors as well as in other cell types [Law et FGF1, -2, -4, -5, and -6, (MacArthur et al., 1995 ; data not shown), or a soluble T cell receptor CD4 (CD4-IgG), al., 1992; Zetterstrom et al., 1997]). In contrast, these neurons failed to develop in explants that were grown were used as negative controls.
with FGFR3-IgG (Figures 4B and 4I) and were not rescued by a general mitogen EGF (data not shown), indicating that they require FGF8. FGFR3-IgG also blocked the development of DA neurons in paraxial-mesoderm free explants (data not shown) and was effective when added at 0, 3, or 6 somite stages, but not at the 24 somite stage (Figures 4B-4D ; data not shown).
Consistent with an essential role for FGF8 in mid-and hindbrain development and with these FGF8 blocking experiments, the caudal midbrain and rostral hindbrain (Meyers et al., 1998) as well as TH ϩ , Ptx3 ϩ DA neurons are absent in mice that express severely reduced levels of FGF8, whereas the ventral midline marker HNF3␤ is still detected (data not shown). Mice with a moderate reduction in the levels of FGF8 (Meyers et al., 1998) do generate a population of midbrain dopaminergic neurons, but their numbers are dramatically reduced compared to normal littermates (data not shown). The development of other cell types in the v3 explant, including Islet1 ϩ motoneurons (Ericson et al., 1992) 4H ; data not shown), indicating that among the cell types examined within the midbrain, DA neurons, which are born adjacent to the isthmus, are differentially sensitive to a reduction in the levels of FGF8.
Since the development of DA neurons in the midbrain is preceded by expression of early regulatory genes, we examined whether they are also dependent on FGF8 activity. In the presence of FGFR1-IgG or CD4-IgG, gene expression occurred normally ( Figure 4I ; data not shown). In contrast, when mid/hindbrain neural plate explants were cultured for 4 days in the presence of FGFR3-IgG, Surprisingly, when these genes were analyzed at earlier (B) TH ϩ DA neurons are eliminated following unilateral removal of time points, we found that transcripts for Fgf8, Wnt1, the ANR from v1 explants (left side, n ϭ 6).
En1, Pax2, and Pax5 (but not for En2) were initially in-(C) DA neurons develop in v1 explants in the presence of CD4-IgG duced, persisted for the first 24 hr, and then declined the FGF8 signal restricts the territory in which DA neu-(G) Bf1 (blue) and Otx2 (brown) are expressed in ANR-containing explants that were exposed to CD4-IgG (n ϭ 10/10).
rons originate along the A-P axis of the neural tube, but (H) The expression of Bf1 (blue), but not Otx2 (brown), is eliminated it is dispensable for the initial induction of most early in ANR-containing explants (3 somite stage) that were exposed to regulatory genes in the same region. 
of DA Neurons in the Rostral Forebrain
We next determined whether the TH ϩ ( Figure 1G ), dopamine-producing, dopamine-␤-hydroxylase-negative (data normally ( Figure 5C ; data not shown). In contrast, no not shown) neurons in the rostral forebrain are also de-TH ϩ neurons were present in similar explants that were pendent on FGF8 signal for their development. Cephalic incubated with FGFR3-IgG ( Figure 5D ). The forebrain neural plate explants were exposed to the FGF8 blockcontains multiple clusters of dopaminergic neurons ing reagent and monitored for the appearance of DA (Specht et al., 1981) , and these findings indicate that neurons 5 days later. In explants that were incubated they may all require FGF8 for their development. Likewise, even though multiple production sites of FGF8 with CD4-IgG or FGFR1-IgG, DA neurons developed exist in the forebrain, following unilateral removal of the Taken together these data suggest that FGF8 and Shh are required for the development of DA neurons in ANR, which expresses FGF8, no TH ϩ neurons appeared in the operated sides ( Figure 5B) . Thus, the ANR could multiple locations along the anterior neural tube. The data further suggest that FGF8 may induce a set of univerbe a physiological source of FGF8 activity and/or a major birth place for the developing DA neurons in the foresal genes that are responsible for the development of dopaminergic neurons in the midbrain and forebrain and brain. FGF8, which is initially detected in the ANR at the 4 somite stage ( Figure 5A ; data not shown), is not only a set of region-specific genes (Bf1 in the forebrain and En2 in the midbrain) that is not associated with the doparequired for the development of mature neurons, but also appears to be necessary for the expression of Bf1, minergic phenotype. an essential transcription factor that is first expressed in the 7 somite stage forebrain ( Figure 5E ) (Xuan et al., FGF8 and Shh Can Cooperate to Induce DA Neurons in Ectopic Locations 1995; Shimamura and Rubenstein, 1997) . As depicted, expression of Bf1 is lost following surgical removal of Given the fact that FGF8 is required for the development of DA neurons in the rostral forebrain and midbrain, we the ANR ( Figure 5F ; Shimamura and Rubenstein, 1997) or exposure to FGFR3-IgG ( Figure 5H ) but not to FGFR1-went on to examine whether it is sufficient to induce DA neurons in other sites along the A-P axis of the anterior IgG or CD4-IgG ( Figure 5G ; data not shown). Consistent with the possibility that FGF8 up-regulates Bf1 directly, neural tube. Rat v2 explants, which normally never give rise to DA neurons ( Figure 1G ), were exposed to FGF8 we found that FGFR3-IgG prevented the expression of Bf1 when added to 0-3 somite stage explants, signifibeads and monitored for the appearance of DA neurons after 6 days. TH ϩ , Nurr-1 ϩ , Ptx3 ϩ DA neurons were cantly reduced the number of Bf1 ϩ cells and the intensity of Bf1 when added at the 4-5 somite stage, but was readily induced in the presence of FGF8 ( Figures 6B and  6G ), but not control beads ( Figure 6A ). In addition, FGF8 ineffective when added from 6 somites onward (data not shown).
was capable of ectopically inducing Fgf8, En2, En1, and Pax5 ( Figure 6G ), even though it does not appear located 5-HT neurons, which reside at a distance from the mid/hindbrain boundary and, hence, the source of to be required for the initial activation of all these genes in the mid/hindbrain region ( Figure 4I ). FGF8 failed, how-FGF8, do not appear to require FGF8 for their development. ever, to activate expression of Wnt1 or Pax2 in these explant cultures ( Figure 6G ). Induction of DA neurons
We next examined whether Shh and FGF8 are sufficient to induce 5-HT neurons in ectopic locations. V2 and En1/En2 ϩ protein was also observed in the presence of FGF4 and -6 coated beads, although neither of these and v3 explants, which do not normally give rise to 5-HT neurons, were cultured with FGF8 and Shh and factors is discretely expressed in the mid/hindbrain or telencephalic neural plate (data not shown). FGF1, -2, examined for the presence of 5-HT neurons 6 days later. While endogenous DA neurons developed normally in -5, -7, or -9 and multiple other neurotrophic factors and mitogens did not effectively induce DA neurons in the v3 explants and were induced by FGF8 in v2 explants, 5-HT neurons failed to appear in these explants (data caudal forebrain (data not shown). Importantly, FGF8 induced DA neurons in v2 but not d2 explants (Figures  not shown) . Thus, although necessary, FGF8 and Shh are not sufficient for the induction of 5-HT neurons in 6B and 6E). Furthermore, a Shh-blocking antibody prevented FGF8 from inducing DA neurons in v2 explants ectopic locations. In searching for additional signal(s) that could partici-( Figure 6C ). Thus, FGF8 can control the position of DA neurons along the A-P but not the D-V axis of the antepate in the induction of 5-HT neurons, we found that FGF4 and FGF2 (but not FGF1, -5, -6, -8, or -9) can rior neural tube and can induce DA neurons only in the presence of Shh.
ectopically induce 5-HT neurons in v3 explants ( Figure  7 ; data not shown), which have endogenous sources of In light of the findings that Shh and FGF8 can individually control the fate of DA neurons along the D-V and Shh and FGF8 ( Figure 1G ), but not in d3 or v2 explants (data not shown). Surprisingly, the induction of 5-HT A-P axes, respectively, we went on to examine whether these two factors can cooperate to specify DA neurons neurons in the midbrain took place at the expense of DA neurons ( Figures 7A and 7B ), suggesting that in the in ectopic locations along both of these axes. E9 d2 explants were incubated with FGF8 and Shh and exampresence of FGF4 neural progenitors in the midbrain may change their fate and become serotonergic. The ined for the presence of DA neurons 6 days later. DA neurons were not detected in d2 explants that were induction of 5-HT neurons in the ventral midbrain occurred only when FGF4 was added before the 10 somite cultured with Shh alone ( Figure 6D ) or with FGF8 alone ( Figure 6E ). In contrast, when Shh and FGF8 were added stage (data not shown), indicating that FGF4 must precede Shh and FGF8. Also, FGF4 was effective only within together, a large number of TH ϩ DA neurons were detected ( Figure 6F ). Thus, concurrent activation of two a narrow concentration range (5-20 ng/ml). At higher concentrations the development of both DA and 5-HT distinct signaling pathways, those of Shh and FGF8, appears to be required and sufficient for the induction neurons was inhibited ( Figure 7C ), raising the possibility that FGF4 mimics a morphogenic gradient. Following of DA neurons in multiple sites along anterior neural tube.
exposure to FGF2 or -4, midbrain explants from which the paraxial mesoderm had been enzymatically removed still gave rise to 5-HT neurons at the expense of DA Intersection of the FGF8 and Shh Signals neurons ( Figure 7D ), indicating that FGF4 can act diin Conjunction with FGF4 Serves rectly on neural tissue and/or may function through the as an Induction Center for axial mesoderm. Shh, FGF8, and FGF4 together did not Serotonergic Neurons induce 5-HT neurons in the caudal forebrain (data not We next examined whether neural progenitors, which shown). Although neither FGF2 nor FGF4 are locally exgive rise to rostral hindbrain 5-HT neurons, also utilize pressed in the hindbrain neural plate or mesoderm (data for their development the intersecting Shh and FGF8 not shown), FGF4 is expressed in the primitive streak, signals to which they have access ( Figure 1G ). Ventral a region juxtaposed to the posterior neural plate (Nishindbrain explants (v4) or mid/hindbrain explants (v3/4) wander and Martin, 1992; Figure 7E ) and could prepatwere cultured in the presence of Shh-blocking antibodtern the future 5-HT progenitors from this location. ies or the FGF8-blocking reagent and examined for the Jointly, these findings suggest that at least three sigpresence of 5-HT neurons 6 days later. Irrelevant antinals are required to establish an inductive center for bodies or control IgGs did not prevent normal developrostral serotonergic neurons, and that progenitors in the ment of 5-HT neurons ( Figures 3C and 4A) . However, rostral hindbrain assume a serotonergic instead of a when similar explants were cultured with FGFR3-IgG dopaminergic neuron cell fate in response to Shh and ( Figure 4B ) or with Shh function-blocking antibodies FGF8 activity, in part because they were prepatterned ( Figure 3G ), the development of 5-HT neurons was effecby FGF4. tively blocked. FGFR3-IgG prevented the appearance of 5-HT neurons when added at 0, 3, or 6 somite stages but not at the 24 somite stage (Figures 4B-4D) . In conDiscussion trast, the Shh-blocking antibodies were still effective ‫27-84ف‬ hr after the onset of somitogenesis (Figures 3G By simultaneously studying regional markers and mature neurons, we demonstrate that patterning in the neuand 3K). Interestingly, although the development of 5-HT neurons in the caudal hindbrain (explant v5 or v6) is ral plate is a multistep process in which early inducers (e.g., FGF4) that initially divide the neural plate into crude still dependent on Shh (Figures 3H and 3L) , it was not inhibited by FGFR3-IgG ( Figure 4F) . Thus, more caudally anterior and posterior compartments are later replaced other than FGF8 in the mid/hindbrain and forebrain regions had been inhibited. With this limitation, our work combined with previous studies (Crossley et al., 1996; Lee et al., 1997; Shimamura and Rubenstein, 1997; Meyers et al., 1998) provides evidence that endogenous FGF8 is an essential patterning molecule for the midbrain, hindbrain, and rostral forebrain. In the mid/hindbrain, FGF8 appears to have at least three distinct functions. First, it is necessary for the induction of early regulatory genes, which pattern the mid/hindbrain region (i.e., En2). Second, it is required for the sustained expression of regulatory genes, which establish the isthmus (i.e., Pax2, Wnt1, En1). Third, it is essential for the induction of mature classes of neurons (DA and 5-HT). FGF8, produced by the ANR, appears to perform similar functions in the rostral forebrain, as it is responsible for the activation of the early patterning gene Bf1 and for the induction of DA neurons. In addition, although we cannot exclude the possibility that the blocking of FGF8 was incomplete, our findings that only midbrain DA and rostral 5-HT neurons, which are born adjacent to the isthmus, but not caudal hindbrain 5-HT neurons, which are born away from the isthmus, required FGF8 for their development suggests that FGF8 acts as a local rather than a long-range patterning molecule. Finally, since FGF8 is able to induce DA neurons and midbrain markers in head-mesenchyme-free neural plate, its effect is not mediated by the paraxial mesoderm.
Our blocking experiments indicate that FGF8 activity is dispensable for local induction of Pax2, Pax5, Wnt1, and En1 in the mid/hindbrain and, judged by that, is not essential for early patterning of the mid/hindbrain region along the A-P axis. Instead, FGF8 appears to be specifically targeted toward late patterning events including the stable expression of mid/hindbrain regulatory genes and the specification of mature neurons. The temporal expression pattern of Fgf8, which is first detected in the isthmus at the 3 somite stage preceded by Pax2, Wnt1, wingless gene product for its continued expression (e.g., that the explants used here do not contain the presump- both the isthmus and the roof plate, and it is possible that in the chick embryo only roof plate-derived Wnt1 was induced. by multiple local organizing centers (e.g., Shh/FGF8) that specify the identity and stereotypic locations of individual mature neuronal cell types within the major
The Role of FGF4 in Patterning the Hindbrain We observed that FGF4 and FGF2, when added prior brain subdivisions.
to the 10 somite stage at the appropriate concentrations, induce 5-HT neurons in the ventral midbrain at the exThe Role of FGF8 Given the nature of our blocking reagent, we cannot pense of DA neurons. These findings suggest that FGF4 can change the response of early neural progenitors to exclude the possibility that the action of FGF proteins later acting signals, leading these progenitors to assume (Thomas and Beddington 1996; Houart et al., 1998) . Alternatively, additional isthmus-derived signals may be a more posterior cell identity. Caudalization of the neural tube in response to FGF2 or FGF4 has been previously required. demonstrated in the chick (Muhr et al., 1997; Storey et al., 1998) and frog (Cox and Hemmati-Brivanlou, 1995;  Cell Pattern in the Neural Plate Kengaku and Okamoto, 1995; Lamb and Harland, 1995) .
Our findings illustrate in molecular terms that a funcHowever, these studies have either shown that FGF2
tional Cartesian grid of positional information that is caudalizes the neural tube indirectly by modifying the composed of secreted molecules exists in the neural paraxial mesoderm or they reported changes only in tube and provide evidence that it acts to specify the early regional markers. We instead have examined the fate and location of mature neurons. Traditional models regionalization of early markers as well as mature neupredicted a nondynamic, global Cartesian grid in which rons on head-mesenchyme-free mid/hindbrain. We were the concentration of two intersecting molecules would thus able to provide evidence that patterning along the define the fate of all cells throughout the neural tube. A-P axis of the neural tube is a stepwise process, that Our findings instead support the existence of multiple the FGF2/4 activity is one of multiple participating siglocal grids that overlap in time and space (see also nals, that later acting signals determine the fate of ma- Thomas and Beddington, 1996; Dale et al., 1997 ; Houart ture neurons, and that FGF4 can directly act on neural et al., 1998). According to a revised model, global orgatissue or may influence the axial mesoderm.
nizer-derived neuralizing (e.g., Chordin, Noggin, FolNeither FGF2 nor FGF4 are discretely expressed in listatin, Cerebrus, Xnr3, and Dkk1) and caudalizing (e.g., the rostral hindbrain region in the 0-10 somite stage FGF2, FGF4, and eFGF) molecules would initially induce embryo (data not shown), indicating that they may not the neural plate and divide it into anterior and posterior act as local signals. However, FGF4, which is structurally compartments (reviewed in Lumsden and Krumlauf, related to eFGF, a candidate neural posteriorizing agent 1996; Harland and Gerhart 1997; Storey et al., 1998) . in the Xenopus (Pownall et al., 1996) , is expressed in Subsequently, multiple local organizing centers would the primitive streak of the presomitic embryo (e.g., Nisbe established as intersections of different secreted sigwander and Martin, 1992) ( Figure 7E ). The primitive naling molecules (e.g., Shh and FGF8) that in turn would streak abuts the posterior neural epithelium and FGF4 specify the identity and stereotypic locations of individcould therefore prepattern the hindbrain by diffusion or ual neuronal cell types within the initial compartments by affecting cells that migrate from the anterior primitive ( Figure 7F ). streak to the future hindbrain (Lawson and Pedersen 1992) . Alternatively, FGF4 may simulate the action of a
Experimental Procedures yet unidentified locally expressed member of the FGF
Collagen Explant Cultures
protein family or cell adhesion molecules, which activate These differences could reflect variability in the potency of individual factors or selective usage of receptors. Our
In Situ Hybridization and Immunostaining
In situ hybridization and immunostaining of sections and explants findings that FGF4 binds equally well to soluble FGFR1 were performed as described (Hynes et al., 1995b) . Antibody diluand -3, whereas FGF8 only binds FGFR3 in vitro (data tions were: anti-TH, 1:500; anti-␤-tubulin, 1:1000; anti-calretinin, not shown), supports the latter possibility. Figure 1G , midvented neural development when added at the presomidle row). For staining, anti-Shh was added in the explant culture medium for 12 hr at 37ЊC before fixing. Two-color, whole-mount in tic stage (data not shown) but, in contrast to FGFR3, situ hybridization was carried out as described previously (Shima- failed to block the induction of 5-HT neurons when mura and Rubenstein, 1997). added between 0-6 somite stage. Even in the presence of FGF8, Shh, and FGF4, we were unable to induce 5-HT by an early anterior organizer that precedes the ANR Recombinant plasmids were transiently transfected into 293 cells Early stages of motor neuron differentiation revealed by expression of homeobox gene Islet-1. Science 256, 1555-1560. and conditioned media was harvested after 72 hr. IgG fusion proteins were purified from the conditioned media using T-adsorbent gels Ericson, J., Morton, S., Kawakami, A., Roelink, H., and Jessell, T.M. (Pierce) according to the manufacturer's instruction and used at a (1996) . Two critical periods of Sonic hedgehog signaling required concentration of 60 g/ml with 1 g/ml heparin (Sigma). Binding for the specification of motor neuron identity. Cell 87, 661-673. specificity of the IgG fusion proteins was confirmed using a filter Foley, A.C., Storey, K.G., and Stern, C.D. (1997) . The prechordal binding assay. CD4-IgG showed no binding to any FGF protein region lacks neural inducing ability, but can confer anterior character tested.
to more posterior neuroepithelium. Development 124, 2983-2996.
Gardner, C.A., and Barald, K.F. (1991) . The cellular environment RT-PCR controls the expression of engrailed-like protein in the cranial neuTotal RNA was isolated from cultured explants using RNAzol B (Tel roepithelium of quail-chick chimeric embryos. Development 113, Test), and cDNA was made using MMLV RT (GIBCO BRL). PCR 1037-1048. reaction was carried out with 33P-dATP. Cycle numbers and temGrapin-Botton, A., Bonnin, M., and LeDouarin, M. (1997) . Hox gene plate quantity was determined to be in the linear range for each gene.
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